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A study of the multilayer systemMgO/CoFeB(1.1nm)/Ta(t)/CoFeB(0.8nm)/MgO is presented, where the two
CoFeB layers are separated by a Ta interlayer of varying thickness t. The magnetization properties deduced
from complementary techniques such as superconducting quantum interference magnetometry, ferromagnetic
resonance frequency measurements and Brillouin light scattering spectroscopy can be tuned by changing the
Ta thickness between t=0.25 nm, 0.5 nm and 0.75 nm. For t=0.5 nm, a ferromagnetic coupling is observed,
whereas for t=0.75 nm, the antiferromagnetic coupling needed to construct a synthetic ferrimagnet is realized.
In the later case, the shape of magnetic domain walls between two ferrimagnetic alignments or between a
ferro- and a ferrimagnetic alignment is very different. This behavior can be interpreted as a result of the
change in dipolar as well as interlayer exchange energy and domain wall pinning, which is an important
conclusion for the realization of data storage devices based on synthetic ferri- and antiferromagnets.
I. INTRODUCTION
The demand to develop faster and more reliable mag-
netic memories with large data storage capabilities has
lead to the proposition of the racetrackmemory concept1,
where data is stored in form of domain walls in magnetic
nanowires. Since these domain walls can be moved via
spin torque effects to the magneto-resistive readout ele-
ments, this concept allows for a three-dimensional data
storage device. However, dipolar effects like, e.g., the
Walker breakdown limit the velocity and storage den-
sity of magnetic domain walls in single layer wires. To
overcome this limitation, the use of synthetic ferrimag-
nets (SFI) with perpendicularly-to-plane magnetized lay-
ers has proven to be promising2,3. Thus, the development
and careful characterization of suitable SFI systems with
low magnetic damping to reach high domain wall speeds
and high device efficiencies is of paramount interest.
In this context, we present a study of the mul-
tilayer system MgO(2.5nm)/Co40Fe40B20(1.1nm
)/Ta(t)/Co40Fe40B20(0.8nm)/MgO(2.5nm) (all nominal
layer thicknesses), where the two CoFeB layers are
separated by a Ta interlayer4,5 of varying thickness
of t=0.25, 0.5 and 0.75 nm. This system is directly
grown on a GaAs substrate and can thus easily be
integrated into semiconductor based devices, e.g. spin
LED structures6,8. In the investigated layer stack, the
hybridization of the 3d orbitals of the transition metals
with the O2p orbitals of MgO provides the perpendicular
magnetic anisotropy (PMA). To establish PMA, thermal
annealing is needed to crystalline the CoFeB starting
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from the CoFeB/MgO interface. During this process,
the diffusing boron is absorbed by the Ta interlayer. In
addition, Ta provides an RKKY-like coupling5,9 which
is needed to create a SFI.
Using a superconducting quantum interference de-
vice SQUID, magneto-optical Kerr effect microscopy
(MOKE), inductive ferromagnetic resonance frequency
(FMR) measurements and Brillouin light scattering spec-
troscopy (BLS), the magnetic properties of the systems
have been investigated. The experimental results are
consistently reproduced by a simple macrospin model.
The interlayer exchange coupling as well as the mag-
netic properties of the two individual CoFeB layers vary
strongly with the Ta thickness t. For t=0.75 nm, a SFI
with an antiferromagnetic (AFM) exchange coupling is
observed and the nucleation of domain walls in between
the two ferrimagnetic configurations as well as in between
the ferri- and the ferromagnetic (FM) configuration are
realized.
II. SAMPLE PREPARATION
The investigated multilayer stacks are deposited on
GaAs substrates which are first desorbed in a MBE
chamber at 300◦C by monitoring reflection high energy
electron diffraction patterns to remove the As capping
layer, which is used to passivate the surface of the sub-
strate. Then, the samples are transferred to the sputter-
ing chamber without breaking the vacuum to deposit the
multilayer at room temperature. The magnetization of
the samples prior to an annealing is in-plane, as usual for
Ta/CoFeB/MgO systems. To establish PMA, the sam-
ples were annealed at 250◦C for 3 mins in a rapid ther-
mal annealing system (for details, see6. Prior studies of a
similar system have show that a magnetically dead layer
2can be formed at the Ta/CoFeB interface7. According
to6, the effective magnetic CoFeB layer thickness d is sig-
nificantly reduced compared to the nominally deposited
thickness if t ≥ 0.5 nm. The estimated values for d based
on the findings in6 are given in Table I.
III. SQUID MEASUREMENTS
Figure 1 shows the magnetization along the field axis
as a function of an applied out-of-plane (Fig.1 (a)-(c))
and in-plane field (Fig.1 (d)-(e)) as obtained from SQUID
measurements at 300 K. The sample with t=0.25 nm of
Ta shows an in-plane easy axis with a small coercive field
of approximately 1 mT and a hysteresis similar to a single
layer, thus the two layers of CoFeB seem to be strongly
FM coupled, either by strong RKKY-like exchange or by
a direct coupling due to a discontinuous Ta layer. The
PMA of this system is not sufficient to overcome the de-
magnetization field and to consequently orient the mag-
netization out of plane. For t=0.5 nm, a single hysteresis
loop with small coercivity for both field directions is ob-
served, indicating that either one of the layers has an
in-plane easy axis and the other one an out-of-plane easy
axis, or a multidomain state is occurring in remanence
(2 mT coercivity field for both directions, not visible in
Fig. 1 for the in-plane field due to the scaling). Since
the hysteresis loops are both centered around zero field,
we conclude that the coupling between the layers is FM.
For t=0.75 nm, a clear three-step hysteresis is observed
for the out-of-plane field (see also Fig. 3(a)), whereas for
a field in plane a continuous transition without any de-
tectable hysteresis is revealed. Thus, in this case, both
layers have an out-of-plane easy axis and are AFM cou-
pled, which leads to the two additional hysteresis loops
centered around BRKKY = ±20mT.
To achieve a more quantitative characterization, the
values of the saturation magnetization Ms from the
SQUID measurements have been extracted. To cal-
culate Ms from the measured magnetic moment per
area, the effective magnetic thicknesses d given in Ta-
ble I have been used. To For t=0.25 nm, a saturation
magnetization averaged over both layers of Ms =1019
kA/m is measured, whereas for t=0.5 nm, Ms= 1063
kA/m is obtained. In the case of the AFM coupling
for t=0.75 nm, assuming that the smaller magnetic mo-
ment can be attributed to the thinner layer, a satura-
tion magnetization ofM1s =1006 kA/m for the lower layer
and M2s =973 kA/m for the upper layer (thus averaged
Ms =993 kA/m) can be deduced.
IV. MACROSPIN MODELING
To access further material parameters, we model the
total energy Etot of the system including Zeeman en-
ergyEZee, demagnetization energyEDM, uniaxial magne-
tocrystalline anisotropy energy EAni with the anisotropy
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FIG. 1. (color online) Magnetization as a function
of the applied field along the out-of-plane plane direc-
tion (a-c) and along the in-plane direction (d-f) for
CoFeB(1.1 nm)/Ta(t)/CoFeB(0.8 nm) with t = 0.25 nm (a,d),
t = 0.5 nm (b,e) and t = 0.75 nm (c,f). (c) shows that for
t=0.75 nm, the magnetization of both layers is out of plane
with a three step hysteresis loop indicating an AFM coupling
with a direct transition between the two ferrimagnetic states.
easy axis u along the out-of-plane direction and the in-
terlayer exchange energy ERKKY between the two layers:
Etot =
i=1,2∑
layer
[EZee(Mi) + E
DM(Mi) + E
Ani(Mi)]
+ ERKKY(M1,M2) (1)
EZee(Mi) = −Mi ·B · Vi (2)
EDM(Mi) = −
µ0
2
(Mi · u)
2
· Vi (3)
EAni(Mi) = −(m · u)
2
·Ksi · S (4)
ERKKY(Mi) = −(m1 ·m2) · J · S (5)
with the normalized magnetization m = M
Ms
, the out-of-
plane unit vector u, the interlayer exchange coupling J
and the volume Vi = S ·di, which depends on the surface
S and effective thickness di of the individual CoFeB layer.
In the case of AFM coupling (t=0.75 nm), the switching
from the ferromagnetic to the ferrimagnetic states takes
place at the field BRKKY, so we can conclude that at
this field EZee = ERKKY, which leads to the estimate of
the exchange constant J = −M2 · BRKKY · d2 ≈ −0.011
mJ/m2, which is on the same order of magnitude than J
of Ref.5,9. Furthermore, we reconstructed the hard axis
SQUID loops by numerically minimizing Etot(M1,M2)
as a function of the applied field and subsequently ex-
tracting the average magnetization along the field (blue
3t d1 d2 M1 M2 K
s
1 K
s
2 J
(nm) (nm) (kA/m) (mJ/m2)
0.25 1.1 0.8 1019 1019 0.54 0.54 ≥ 0.4
0.5 0.975 0.675 1063 1063 0.69 0.565 0.045
0.75 0.84 0.54 1006 973 0.58 0.385 -0.011
TABLE I. Overview of the obtained material parameters. The
values for M and Ks as well as the value for the interfacial
exchange coupling J for t=0.75 nm have been obtained from
the SQUID measurements, whereas J in the case of t=0.25nm
and 0.5 nm are estimates based on the FMR frequency mea-
surements. The effective magnetic thickness d depends on
the Ta interlayer thickness t. If a distinction between the two
layers has not been possible, an average value is given.
curves in Fig. 1(a),(e) and (f)). From this reconstruc-
tions, the magnetocrystalline surface anisotropy con-
stants Ksi have been obtained which are listed in Table I.
V. FMR EXPERIMENTS AND MODELING
To check the validity of the obtained material constants
and to estimate the exchange coupling for the thicknesses
t with FM coupling, measurements of the frequencies of
the small angle precession eigenmodes have been per-
formed (see Fig. 2). The external magnetic field has
been applied along the in-plane axis and the eigenmode
frequencies have been obtained by standard FMR mea-
surements using a vector network analyzer (VNA). In
addition, for the case of AFM coupling t=0.75 nm, the
thermal spin-wave spectrum with a wave vector k → 0
equivalent to the ferromagnetic resonances has been ac-
quired by Brillouin light scattering spectroscopy11,12.
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FIG. 2. (color online) Measurements of the ferromagnetic res-
onance frequencies (red dots) together with the eigenfrequen-
cies predicted by the macrospin model (blue and black lines)
using the material parameters presented in Table I obtained
from SQUID. Black curves represent the macrospin model for
a perfect in-plane field whereas blue curves assume a small
out-of-plane tilt of 1◦.
To compare the experimental results with our
macrospin model, we transform all energy expressions in
a new base given by the equilibrium magnetizations me1
and me2. In this base, we calculate the effective fields
B
eff
i =
−1
Vi ·Mi
∇me
i
Etoti (m
e
1,m
e
2) (6)
and subsequently linearize the two coupled Landau-
Lifshitz equations:
dme1
dt
= −γme1 ×B
eff
1 ,
dme2
dt
= −γme2 ×B
eff
2 (7)
with mez → 1 (external field axis along z) and solve the
system numerically as an eigenvalue problem. The fre-
quencies of two modes are obtained, which correspond
to the in-phase and out-of-phase oscillations of the two
layers when assuming two identical layers.
For t=0.25 nm (Fig. 2(a)), only one mode within the
experimental accessible range from 1 to 20 GHz has been
found, again indicating a strong coupling between the
layers. The blue curve shows the frequency evolution
predicted by the macrospin model when using the pa-
rameters obtained from the SQUID measurement with
an exchange coupling J = 0.4 mJ/m2. This is the min-
imal value of J needed to shift the second mode above
20 GHz and thus constitutes the lower boundary for the
coupling. A good agreement between the model and the
experiment is observed and the small deviation is proba-
bly due to a residual misalignment of the applied fields.
For t=0.5 nm (Fig. 2(b)), two modes with a frequency
spacing of about 5 GHz have been observed. Using an
exchange coupling of J=0.045 mJ/m2 and the parame-
ters obtained from the SQUID, the macrospin model has
been evaluated for a perfect in-plane alignment of the
external field (dotted black curve) and for a small out-
of-plane tilt of the external field of 1◦ (continuous blue
line). The tilt of the field influences especially the local
frequency minimum close to 200 mT. Since the trend for
the tilted field reproduces the experimentally obtained
values more accurately, a slight misalignment from the
in-plane axis during the FMR experiment can be con-
cluded. No clear susceptibility peaks have been observed
for fields below the in-plane saturation field of 200 mT
indicating an inhomogeneous magnetization state which
cannot be described by the macrospin model.
For t=0.75 nm (Fig. 2(c)), again two modes have been
observed. Here, with the macrospin model, we only use
values obtained from the SQUID measurements. The
model nicely reproduces the experimental trend if we al-
low for a 1◦ misalignment of the external applied field
(continuous blue curve). A perfect alignment of the field
along the in-plane direction would again lead to a pro-
nounced frequency minimum, which has not been ob-
served (dotted black curve). Due to the smaller inter-
layer coupling J , the frequency gap which is occurring at
about 250 mT with an opening of about 800 MHz is much
smaller than in the t=0.5 nm case. Due to the compa-
rably large frequency linewidth of more than 1 GHz, the
gap could not be observed in the FMR and BLS exper-
iments. Since the frequency linewidth shows no system-
atic frequency dependence, the underlying broadening
4mechanism is probably arising from an inhomogeneous
distribution of the material parameters.
The good general agreement between the experimen-
tally obtained frequencies and the calculated eigenfre-
quencies based on the material parameters of the SQUID
measurements demonstrates that a comprehensive and
self-consistent characterization of the system has been
achieved.
VI. MOKE MICROSCOPY
In the following, we will address the possible domain
configurations in the case of the AFM coupling of the
layers (t=0.75 nm), since this configuration is especially
promising for future high density storage elements2. The
nucleation of DWs was studied experimentally in the
presence of an out-of-plane magnetic field. Figure 3
presents magneto-optical Kerr microscopy (MOKE) hys-
teresis loops and images showing the nucleation of a do-
main in the different configurations of the two magneti-
zations in the thinner upper and thicker lower magnetic
layer. In Fig. 3(a), the magnetic configurations are de-
picted for the different levels of the MOKE signal by a
pair of arrows. Three jumps are observed in the hys-
teresis loop, similar to the observations using SQUID.
Starting from positive fields, the first step (marked by
(b) in Fig. 3(a)) corresponds to the switching of the up-
per thinner layer to minimize the interlayer exchange en-
ergy, which becomes more important than the Zeeman
energy at this field. Thus, a transition from the paral-
lel (P) to the antiparallel (AP) state occurs. The sec-
ond step (marked by (c)) corresponds to the switching of
both layer’s magnetization, so a transition between the
two AP states is taking place. Here, the Zeeman energy
is reduced by aligning the residual magnetic moment of
the AP state along the external field, while the interlayer
exchange energy is unaffected. With further decreasing
field, the Zeeman energy reaches again the value of the
interlayer exchange and a switching to the P state occurs
(around -25 mT in Fig. 3(a)). In contrast to the SQUID
measurement, a minor hysteresis loop around zero field
with a clear separation between the two AP states is ob-
tained using MOKE. We attribute this behavior to the
different time scales of the measurements: MOKE is sig-
nificantly faster, so the observed coercivity increases as
the system has less time to undergo a thermal activated
switching.
Figures 3(b)-(e) present MOKE images after the nu-
cleation of domains at different external fields around a
defect in the thin film. The nucleation takes place at
the transitions indicated in Fig. 3(a), whereas the fields
where the domains are stabilized and imaged are indi-
cated below the pictures. The MOKE contrast is deter-
mined by the net magnetization direction of the domains
averaged over the two layers. The orientation of the mag-
netization is again indicated by arrows.
Two magnetic domains are depicted in Figure 3(c),
100 µm
(d) (e)
(c)
24 mT
(b)
(a)
(b)
(c)
(e)
(d)
-2.9 mT
-24 mT 1.2 mT
M
O
K
E
 s
ig
n
a
l 
(a
.u
.)
Bop (mT)
-50 -40 -30 -20 -10 0 10 20 30 40 50
-0.04
-0.02
0.00
0.02
0.04
FIG. 3. (color online) (a) Hysteresis loop ob-
tained from MOKE microscopy for AFM coupling in
CoFeB(1.1nm)/Ta(0.75nm)/CoFeB(0.8nm). The arrows
indicate the alignment of the two layers for the four different
levels of the MOKE signal. (b)-(e) MOKE microscopy images
of different domain configurations which have been initially
nucleated at the transition fields marked in (a) and imaged
at the indicated field values.
each of which includes MOKE contributions from the
upper and lower magnetic layer. In the bright domain,
the magnetization is oriented down in the lower layer
and up in the upper layer. In the darker surroundings,
the magnetic orientations of the two layers are both in-
verted. Consequently, a domain wall is formed between
the two AP states which can be considered as a domain
wall in a synthetic ferrimagnet. In Fig. 3(e), the role of
the domain around the defect and the surroundings is
just inverted due to the different sign of the nucleation
field. For higher fields, the domain configurations shown
in Fig.3(b) and (d) are stabilized in the center of the
outer hysteresis loops and show both a domain with AP
alignment of the two layers surrounded by an area with
P alignment. Thus, depending on the external field, two
different kinds of domain walls can be nucleated in this
system.
Finally, it is clear that the shape of the domain de-
pends on the configuration between the upper and lower
magnetic layer. When the transition occurs between the
5P and AP orientation (Fig. 3(b) and (d)), the domain
wall shows a zigzag shape. For the transitions between
two AP orientations of the layers (Fig. 3(c) and (e)),
the domain grows as a circle. The difference of these
shapes might be attributed to a combination of different
effects which all can lead to distinct domain wall dy-
namics for the two configurations: first, in the P to AP
transition, a domain wall is present only in the upper
layer. Thus, it could experience different pinning com-
pared to the domain wall between the two AP states,
which is also present in the lower layer. In addition, the
dipolar stray fields of a domain with P configuration are
much stronger than those generated in the AP configu-
ration, which leads to different contributions of dipolar
and interlayer exchange energy in the two cases.
To conclude, we have demonstrated that
CoFeB/Ta/CoFeB multilayers grown on GaAs/MgO
present strong perpendicular magnetocrystalline
anisotropy. The magnetization properties could be
tuned by changing the Ta thickness. A 0.5 nm Ta
thickness leads to a ferromagnetic coupling whereas a
0.75 nm Ta thickness leads to a synthetic ferrimagnetic
bilayer with an antiferromagnetic interlayer coupling.
In the later case, the shape of magnetic domain walls
between two ferrimagnetic alignments and between a
ferromagnetic and a ferrimagnetic alignment is very
different, possibly due to the change in dipolar and
interlayer exchange energy as well as domain wall pin-
ning. Our results show that with the proper interlayer
thickness, the CoFeB/Ta/CoFeB system is a promising
candidate for the realization of data storage devices
based on synthetic ferrimagnets.
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